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Abstract 
An experimental investigation is conducted to study the effect of middle length and 
inclination angle of an S-shaped channel on adiabatic two-phase flow patterns. To study this 
effect, three channel lengths of 0.25, 0.50, and 1.00 m, and four bends at the angles of 22.5˚, 45˚, 
67.5˚ and 90˚ were used along the test section which is 35.83 m long. The channel cross section 
dimensions were 0.05×0.10 m and the test fluids were air and water. The observed flow patterns 
in 12 cases were studied. Each flow pattern was identified by visual observation and recorded 
with video camera for further analysis of the collected data points. The momentum transfer 
phenomenon between the phases for passing the upward middle section along the S-shaped 
channel was closely investigated. Five flow patterns of vortex plug, vortex slug, vortex wavy-
annular, churn and mist packet annular were observed. The vortex type flow patterns were 
recorded with high speed video camera. The physical mechanisms and momentum transfer 
related to formation of these flow patterns were explained in detail. Flow pattern maps were 
obtained and then compared for different middle lengths and inclination angles to perform a 
parametric study on the S-shaped channel. Moreover, effect of upstream/downstream of the S-
shaped channel on the maps and transition lines were discussed. It was revealed that upstream 
effects reflect the interactions and momentum transfer between the phases. Therefore, flow 
pattern types mainly depend on upstream behavior. On the other hand, the amount of backward 
flow resulting in the establishment of countercurrent flow and creation of vortexes along middle 
section is determined by downstream effects. Increasing the middle length or inclination angle 
causes the transition to vortex plug flow pattern to occur at higher liquid velocities. It also causes 
the area with churn flow pattern on the map to expand ending in smaller vortex slug flow pattern 
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area. However, increasing middle length or decreasing inclination angle, ends in smaller area of 
mist packet annular area. It is also observed that for higher middle lengths, increasing the 
inclination angle shifts the transition lines more remarkably.!
A dimensionless analysis of obtained flow pattern maps is also carried out. It is shown that 
effect of geometry changes along S-shaped pipeline on two-phase flow pattern transitions is 
determined by either inclination angle or elevation difference between two horizontal lines.  The 
explained flow mechanisms, obtained flow pattern maps and the transition lines can be used to 
predict the particular flow pattern that will be established for a given mass flux, inclined length 
and angle along pipelines. 
Keywords: Two-phase flow; Flow pattern map; S-shaped channel; Pipeline; 
Upstream/Downstream; Vortex; Transition line. 
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1. Introduction 
Two-phase flows exist in many industrial applications such as petroleum exploitation, flow 
of gas and oil in pipelines, and thermal equipments. Accurate understanding of two-phase flow 
behavior is the basic step for engineering design purposes. In two-phase flow studies, flow 
pattern refers to distribution of each phase in the conduit relative to the other phase. Many design 
variables, namely, pressure drop, heat and mass transfer, pipe vibrations and void fraction 
strongly depend on the flow pattern determination. Therefore, accurate prediction of flow 
patterns is the fundamental component in two-phase flow researches, and operating of industrial 
equipments and pipelines. 
Many investigations have been conducted to determine the flow patterns for different 
engineering applications and various names have been given to different observed patterns. Since 
the distribution of phases is complex, accurate flow pattern recognition and its transition are 
really difficult. Two-phase flow patterns are dependent on many operating conditions such as, 
operating pressure, two-phase flow rate, conduit shape, and direction, and fluids properties. 
Based on the researches established in the literature, there are different classifications of two-
phase flow patterns and flow pattern maps. Indeed, flow pattern determination has been to a 
great extent subjective and based on direct observations. Since flow patterns strongly depend on 
the channel inclination angle, many experiments have been performed for horizontal, inclined 
and vertical channels. Prediction of established two-phase flow patterns by obtaining flow 
pattern maps has been the principal objective in many fundamental researches [1-5]. 
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 For horizontal flows, one of the earliest flow pattern maps was proposed by baker [6]. 
Hoogendoorn [7] investigated the effect of conduit and working fluids on the flow pattern 
experimentally. He showed that, diagrams obtained from the experiments can predict the flow 
pattern for different mixtures with reasonable accuracy for various pipe diameters. Mandhane et 
al. [5] continued the work of previous researchers, and provided one of the most widely 
acceptable flow pattern maps which uses the superficial phase velocities as mapping parameters. 
Kim and Ghajar [8] observed flow patterns in a transparent circular pipe using an air–water 
mixture. They supplemented their visual identification of the flow patterns with photographic 
data, and the results were plotted on the flow regime map. Rodriguez and Oliemans [9] 
conducted oil-water two-phase flow experiments for horizontal and slightly inclined pipes. The 
characterization of flow patterns and identification of their boundaries were achieved via 
observation of recorded movies. They reported that for upward inclined flow, regions with high 
water recirculation were detected. 
When gas-liquid mixture flows in vertical direction, different flow patterns can be detected 
depending on conduit diameter. The most widely accepted flow pattern descriptions were 
proposed by Hewitt and Hall-Taylor [10]. They designated four basic flow patterns for upward 
gas-liquid flow, namely, bubble, slug, churn, and annular flow. Taitel et al. [11] developed 
models for predicting flow pattern transitions for two-phase flow in vertical tubes, based on the 
mechanism suggested for each transition. Further experiments conducted to define two-phase 
flow patterns in vertical tubes [12-13] confirmed the applicability of previous definitions, i.e. 
four basic flow patterns, for different operating conditions. 
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In recent years, fewer experiments have been conducted on inclined two-phase flows in 
comparison with horizontal and vertical pipes, despite the fact that inclination angle can strongly 
affect the two-phase flow patterns. Barnea et al. [4] reported measurements of flow patterns for 
gas-liquid flow in inclined pipes. The flow of air and water through 0.0255 and 0.0195 m 
diameter pipes was studied at flow angles as large as 10°. They showed that for upward 
inclinations higher than 10° stratified flow was not observed at all. Kang et al. [14] performed 
experimental studies for two-phase pattern transitions in large diameter inclined pipelines. They 
showed that dominant flow pattern for upward inclinations was slug flow and no stratified flow 
was observed. Oddie et al. [15] conducted two-phase experiments on a transparent 11 m  long, 
0.150 m diameter, inclinable pipe. They discussed the observed flow pattern distributions for 
different inclination angles and compared them with previous studies. 
Based on industrial applications and design purposes, some experiments have been 
performed for conduits with different geometries. Navaro [16] studied countercurrent flow 
limitation in a horizontal pipe connected to an inclined one. He investigated the effect of various 
geometrical parameters of the test section on the onset of flooding, on the partial delivery of 
water and on the zero liquid penetration. The study led to a new correlation for flooding. 
Nilpueng and Wongwises [17] observed the flow pattern phenomena and recorded them by high 
speed camera in sinusoidal wavy channels. Their experimental results showed that the phase shift 
of the channel wall strongly affects the flow patterns. In a recent study by the present authors [1] 
two-phase air-water flow in ribbed channels was studied. Different rib arrangements were 
implemented by changing both their pitches and thicknesses in rectangular horizontal ducts. 
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Accordingly, the effect of rib thickness and pitch on flow pattern maps and transition boundaries 
was investigated. It was shown that although ribbing pitch affects flow patterns relatively, 
thickness of ribs leads to remarkably more intense effects on flow patterns. 
While two-phase lines from offshore platforms to on-shore facilities are increasing, more 
attention is required to be paid to flow pattern prediction along the transport lines. One of the 
most applicable geometries along the pipelines and industrial piping due to geometrical 
limitations is S-shaped. Many studies have been performed to determine the flow pattern maps 
for inclined pipes and horizontal channels. However, considering the effect of upstream and 
downstream, the flow patterns in the previous studies are different from the practical flow 
patterns for local inclinations along pipelines. Regarding the high usage of S-shaped channel in 
two-phase flow applications, with fully developed horizontal entry, inclined middle section, and 
horizontal exit section, this geometry needs to be studied in the point of flow pattern prediction. 
Consequently, to simulate the practical flow patterns along gas and oil pipelines accurately, a 
long experimental setup is required. 
In this research, two-phase air-water flow patterns in the S-shaped channel were studied 
experimentally. New definitions were proposed for the observed flow patterns in this channel 
geometry. The momentum transfer behavior for the proposed flow patterns was closely 
investigated by high speed dynamic photography. Flow pattern maps for different middle lengths 
at constant inclination angles were compared to study the effect of middle length on flow 
patterns and their transitions. Moreover, in order to investigate the effect of inclination angle, the 
obtained flow pattern maps were compared for different angles and constant middle lengths to 
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accomplish the parametric study of S-shaped geometry. All the obtained results were discussed 
considering the significant effect of upstream/downstream and their interactions as well as 
physical mechanisms, along the S-shaped channel. 
 
2. Experimental setup and data reduction 
In order to study the effect of inclination angle and middle length of S-shaped channel on 
two-phase flow map, a large scale experimental setup was designed. A schematic of the 
experimental rig is depicted in Fig. 1. 
The implemented experimental apparatus is composed of five major components: water 
supply, air supply, mixing section, test section, and measurement system. As depicted in the 
figure, the liquid phase was controlled and supplied by two pumps. Two tanks were also used in 
order to prevent the flow rate fluctuations. Water level in the main tank (No. 19) changes due to 
the slugs entering this tank. Therefore, supplying water from this tank leads to flow fluctuations 
in the main line. To disable this effect, pump 2 (No. 17) was used to transport water into a 
constant head tank (No. 22). From the upper tank (No. 22), water for main line was supplied 
using pump 1 (No. 15). As a result, pump 1 (No. 15) can be operated steadily and without any 
fluctuations caused by slug flow. Water flow rate was adjusted using a motor revolution control 
system connected to pump 1 (No. 15). The liquid flow meter, which contains one rota meter and 
one magnetic flow meter, works with the accuracy of ±0.1 m3/h. After the liquid passed flow 
meter, its pressure and temperature were measured using installed gauges and then was 
transported to the mixer using flexible pipe. 
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In order to supply the air circuit, a compressor and a blower were used. The air sucked from 
the laboratory environment, entered the compressor after passing through air filter. An air 
cooling system was used to reduce the high pressure and temperature of the compressed air 
inside tank. After the air temperature and pressure were adjusted, it flowed through flow meter 
and was delivered to the mixer using a flexible pipe. The air flow meter, which contains two rota 
meters and one vortex flow meter, works with the accuracy of ±0.01 m3/h. 
Measurement uncertainties were carried out based on ANSI/ASME [18]. The calculations 
showed that the greatest uncertainties were ±5% and ±1.25% for air and water volumetric flow 
rates, respectively. 
One of the most common geometries used to mix the two phases at the inlet, is a tee type 
mixer [4]. The mixer used in this study to bring the two phases together, is shown in Fig. 2. The 
mixer and flanges, for connecting the test section and the mixer, are made of Plexiglas. The air 
and water flow enter from left and bottom of the mixer, respectively. A thin metal plate, with the 
advantage of having the two phases to flow with parallel streamlines at the duct inlet, is used to 
separate the air from water flow. The thin metal plate is fixed with some screws to the upper wall 
and therefore, it can move in vertical direction to adjust inlet void fraction. A sliding gate made 
of Plexiglas was also used to prevent water flow entering air inlet and producing disturbances at 
the test section inlet. 
The rectangular channels were made of Plexiglas plates with the thickness of 10 mm. The 
pipeline is 35.83 m long with cross section dimensions of 0.05×0.10 m. This long length was 
considered to minimize the effect of upstream and downstream disturbances on the S-shaped 
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flow patterns. The pipeline consists of 2 m long channels that are connected to one another using 
flanges. 
In order to investigate the effect of inclination angle of the S-shaped channel on the flow 
patterns, four pairs of bends with the angles of 22.5˚, 45˚, 67.5˚ and 90˚ were applied as shown in 
Fig. 3. These bends were connected to the test section using flanges. The bends which were 
made of laser-cut Plexiglas plates, passed the hydrostatic test before being implemented in the 
experiments. Effect of middle length at constant inclination angles was studied using three 
channels with the lengths of 0.25, 0.50 and 1.00 m. 
The fully developed flow condition is achieved when the flow patterns and their transitions 
remains unchanged along two-phase flow direction. In the present experiments, this condition 
was verified at three different locations along horizontal inlet section. The entrance effect was 
investigated using the ratio of distance from mixer to channel hydraulic diameter. At 
h
E
D
l
 ratios 
of 10, 50 and 100 the flow patterns and their transitions were checked. It was seen that there 
were some differences in transition to slug and plug flows at 10=
h
E
D
l
, compared to two other 
locations. However, it was seen that by 25≈
h
E
D
l
 the equilibrium situation was reached and the 
flow patterns remained unchanged in the direction of two-phase flow. 
Each flow pattern was identified by visual observation and recorded with a video camera for 
further analyses of the collected data points. For each test section configuration ( L ,θ ), the liquid 
flow rate was fixed and the flow pattern was observed and recorded for different gas flow rates. 
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The data points were collected when the initial disturbances disappeared and the flow pattern 
was identified. Then, the liquid flow rate was increased stepwise and the mentioned procedure 
was repeated.  
The main objective of this study was to collect wide ranging sets of experimental data points 
for each case so that the transition lines and flow maps are generated accurately. Consequently, a 
sequence of data points was planned for the studied range of gas-liquid flow rates. As presented 
in Table 1, a maximum increment size of 0.05 m/s and 1.0 m/s were considered for water and air 
superficial velocities respectively. However, the increment size for gas superficial velocity was 
decreased in few cases when the gradual flow pattern transition was not observed. This 
procedure was planned in order to ensure that transition lines are obtained accurately. A 
graphical representation of the explained test matrix is shown in Fig. 6 which will be discussed 
in section 3.2. 
To report the flow patterns for different gas-liquid flow rates, and the transitions between the 
observed patterns, flow pattern maps were generated based on the superficial gas velocity (Jg), 
and superficial liquid velocity (Jf). These parameters are defined as follow: 
A
Q
J ff =  (1)
A
Q
J gg =  (2)
where Q is the volumetric flow rate of each phase and A is the inner cross-sectional area of the 
channel. The observation results were obtained at approximately atmospheric condition. 
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3. Results and discussion 
3.1. Flow pattern definitions 
The recorded videos of flow patterns were converted into frames for further analyses of flow 
pattern definitions and their transitions. Two-phase flow patterns in S-shaped channel have a 
complex pulsating nature under the influence of gravity. In many cases, an intermittent bulk of 
liquid enters the middle section and when the main bulk passes the middle section, small portion 
of the bulk flows backward. The consecutive liquid pulse confronting the backflow of the 
previous pulse at the bottom of the channel attributes the periodic formation of progressive 
vortexes along the middle section. In such cases, the flow is considered to keep a pulsating 
nature periodically. Hence, new definitions are also proposed for the observed flow patterns. 
Five flow patterns were classified, including vortex plug, vortex slug, vortex wavy-annular, 
churn and mist packet annular patterns. The prefix “vortex” used for three first patterns refers to 
the vortexes observed in these flow patterns to discriminate between them and the classical flow 
patterns previously described [1-4,7,8,11,15]. In order to demonstrate the observed vortexes in 
these flow patterns clearly, a high speed camera was used. 
Close-up frames recorded with high speed camera revealing the complex process of vortex 
slug flow formation, is presented in Fig. 4. As explained previously, in some operating 
conditions the established two-phase flow pattern through S-shaped channel possesses a 
pulsating characteristic. As a result of such pulsations, some portion of slow moving liquid flows 
backward towards upstream under the effect of gravity (Fig. 4a). On the other hand, another 
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liquid pulsation moves upward and when these two countercurrent flows touch each other, some 
vortexes are shaped on the two phase interface (Fig. 4b). Consequently, the liquid holdup begins 
to grow and as a result of liquid splashes and falling droplets some bubbles are created. At this 
point, the liquid phase velocity is decreased severely by this counteractive flow condition. This 
process continues, until the liquid phase reaches the upper wall of the channel and with built-up 
gas pressure behind liquid slug, the two phases move in upward direction (Fig. 4c). Therefore, 
the fast moving liquid slug carries all the downward moving liquid to the S-shaped outlet. Since 
the axial velocity at upper layers of slug front are much higher or even in opposite direction with 
lower layers, there always exists a vortex at upper part of slug front. Besides the mechanism 
described for the formation of vortex at slug front, more vortexes are generated as the backward 
flow is swept to the S-shaped outlet section. Another finding which is depicted in Fig. 4d, is the 
existence of an almost stationary zone at slug body sublayer. This zone can be identified easily 
by tracing the dispersed bubbles moving across the channel under the effect of buoyancy force. 
Eventually, the liquid slug leaves a thin film and falling droplets on channel walls (Fig. 4e). The 
liquid phase flows upward until it reaches a stationary condition and flows backward to repeat 
the mentioned physical mechanism. A video of vortex slug flow is available in supplementary 
material. 
Further close-up frames recorded with high speed camera, showing vortexes for vortex plug 
and vortex wavy-annular flows are presented in Fig 5. Unlike the vortex slug flow, for these two 
flow patterns, no backward flow was observed. For vortex plug pattern, the two-phase mixture 
was observed to be less pulsating and more continuous while passing the middle section. As one 
can see in Fig. 5a, there exists a continual vortex for this flow pattern at each gas pocket tail. 
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Since the liquid velocity varies across the channel section, upper layers tend to whirl at gas-
liquid interface (Fig. 5b). Such instabilities near the interface lead to liquid splashes into gas 
pockets. A video of vortex plug flow is available in supplementary material. 
Vortex wavy annular flow captured with high speed camera is shown in Fig. 5c. As the gas 
superficial velocity increases, the liquid pulsations become stronger and higher gas momentum 
suppresses the accumulation of liquid at S-shaped inlet. As a result, the channel walls are 
intermittently wetted by aerated waves, unstable interface and gas sheared droplets entrained into 
channel top. However, the mentioned unstable waves and entrained droplets slow down as 
moving upward, especially at lower liquid layers. Major portion of each liquid pulsation passes 
the middle section until a thin stationary film is remained on the channel bottom. Consequently, 
the next pulsation rolling on this liquid film attributes the formation of vortexes due to different 
velocities between the liquid layers (Fig 5d). A video of vortex wavy-annular flow is available in 
supplementary material. 
Further frames recorded with video camera, showing the general overview of five flow 
patterns over the ranges of flow rates and inclination angles considered in the present 
experiments, are presented in Table 2. 
The established flow patterns by a given combination of air and water flow rates are strongly 
affected by gravity and gas shear force. The mist packet annular pattern is characterized by the 
periodically appearing packets of mist flow along the annular flow through the channel. Each 
mist packet sweeping through the channel leaves a thin layer of liquid on the wall. The liquid 
film is thicker at the bottom of the channel in comparison with side and upper walls. This flow 
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pattern occurs at high gas flow rates under the influence of gas shear force and resembles the 
definitions presented for annular flow by Coleman and Garemilla [3]. 
At θ=90°, no vortex was seen and three flow patterns of slug, churn and mist packet annular 
were observed. The churn flow for θ=45° and θ=67.5° is similar to Taitel et al. [11] definitions 
with alternating direction of the liquid, except that the distorted packets of gas are closer to the 
upper wall rather than channel bottom. At θ=22.5° and over the ranges of gas and liquid flow 
rates for which churn flow pattern occurs, the flow pattern is replaced with vortex wavy-annular 
pattern. Except the vortexes seen in this pattern, the definition is the same as that presented by 
Kim and Ghajar [8]. 
 
3.2. Flow pattern map 
Flow pattern maps for two-phase air-water system in rectangular channel were plotted based 
on gas and liquid superficial velocities. In order to perform a geometrical investigation on two-
phase flow patterns in the S-shaped channel, obtained maps for inclined section were compared 
for different middle lengths and inclination angles. Moreover, the effects of inlet and outlet on 
the inclined section flow patterns are discussed to better represent the interactions concerned 
with upstream and downstream. Since all the transition from one flow pattern to another 
occurred gradually, transition regions were plotted using wide bands. However, in the interest of 
clarity, flow patterns maps were compared using transition lines instead of bands. All the flow 
pattern maps were illustrated within the gas and liquid velocity ranges of 0.8-20 and 0.06-0.7 
m/s, respectively. 
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Obtained results for inclination angle of θ=90° and middle length of 1 m are compared with 
previous experimental data [15,19] and theoretical model of Taitel et al. [11] for moderate- to 
large-diameter conduits. Sadatomi et al. [19] showed that channel geometry has little influence 
on flow pattern transitions when hydraulic diameter is greater than 10 mm. This behavior can be 
explained by previous conclusions that effect of surface tension on determining specific flow 
patterns is negligible for conduit diameters on the order of 10 mm or larger [20]. As shown in 
Fig. 6, the obtained flow pattern types in the present range of gas-liquid velocity are in good 
agreement with previous experimental data. It should be reminded that in Oddie et al [15] 
experiments, the elongated bubble flows observed for vertical water-gas flow are different from 
those traditionally observed in small diameter pipes and they are more like the churn slug flow 
pattern. As one can see the observed slug, churn and mist packet annular flows also occur in the 
same gas-liquid velocities in previous studies [11,15,19]. However, unlike the previous 
researches for vertical conduits, bubbly flow for very low gas superficial velocities and this angle 
of S-shaped channel was never observed. Since the two phases enter the vertical section in a 
separated wavy pattern at upstream of S-shaped channel, the mixing does not happen effectively 
and the liquid phase blocks the gas flow. As a result of built-up gas pressure behind the 
accumulated liquid, slug flow pattern replaces the region with bubbly flow pattern and no bubbly 
flow pattern is developed from such upstream behavior. Moreover, it must be noted that 
transition lines shift under the influence of different cross section shape, diameter and geometry, 
especially when considering the significant effect of upstream/downstream of the S-shaped 
channel on two-phase flow pattern boundaries. These remarkable effects are described in more 
detail in the following section. 
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3.2.1. Effect of middle length of the S-shaped channel on flow patterns 
The flow pattern maps for different middle lengths and inclination angle of θ=22.5° are 
compared in Fig. 7. It can be seen that for this inclination angle the dominant flow pattern is slug 
flow. Upstream wavy/slug flow for these ranges of two-phase flow rates, pass the middle section 
partially and the backward liquid phase builds up a liquid bridge at first bend. As a result, the gas 
upstream is trapped behind liquid bridge and its pressure is increased until it reaches the 
sufficient value to push liquid slugs downstream to pass the upward section. For air superficial 
velocity of 1 m/s, increasing middle length causes the transition from vortex slug to vortex plug 
shift to higher liquid flow rates. At low gas flow rates for which vortex plug pattern occurs, the 
liquid phase needs higher kinetic energy to pass longer upward distance without flowing 
backward and blocking the air flow. Therefore, increasing middle length at this transition region 
causes the vortex slug pattern to occur instead of vortex plug flow pattern. For moderate gas 
velocities it can be seen that increasing middle length does not influence transition from vortex 
slug to vortex wavy-annular remarkably. In this gas superficial velocity and inclination angle, 
gas phase momentum is high enough to prevent liquid accumulation in first bend and therefore 
upstream wavy flow pattern passes upward section more easily. However, increasing the middle 
length causes more vortexes to appear along inclined section. For high gas superficial velocities 
corresponding to mist packet annular flow, increasing the middle length shifts the transition line 
to higher gas velocities. This behavior can be explained by the effect of gravity force overcoming 
the gas shear force with increasing the middle length. 
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Two-phase flow pattern maps for θ=45° and different middle lengths are compared in Fig. 8. 
At low superficial velocities, pressure drop concerned with upward distance is greater than two-
phase momentum, so that liquid accumulates at inlet bend and therefore, the dominant flow 
pattern is vortex slug. With increasing liquid velocity, two-phase flow is established in more 
stable distribution along S-shaped channel. At low gas superficial velocities, inlet smooth wavy 
flow pattern upstream, changes to vortex plug pattern at first bend due to higher two-phase 
mixing and backward flow at this point.  On the effect of middle length and for this inclination 
angle, the same behavior for vortex slug to vortex plug transition line was observed. The only 
difference between these two angles is that for θ=45° and middle length of 1 m, no vortex plug 
pattern was observed. The vertical distance between the inclined section inlet and outlet is 
greater compared to previous angle. Therefore, over the ranges of liquid superficial velocity, the 
liquid flows backward and blocks the air flow at inlet bend. As a result, the air pressure behind 
the liquid bridge is increased and vortex plug pattern is replaced with vortex slug pattern. It can 
also be seen that for moderate gas flow rates, increasing the middle length causes the vortex slug 
to churn transition line shifts to smaller gas flow rates. With increasing the middle lengths, the 
backflow increases and more liquid slugs fall down. Therefore, the area with churn flow pattern, 
characterized by chaotic and alternating direction of liquid motion with pulsating nature, 
enlarges. Furthermore, for high air superficial velocities, varying the middle lengths does not 
alter the churn to mist packet annular pattern transition line remarkably. Compared to previous 
inclination angle, it was observed that for higher inclination angles, the two phases mix better at 
the inlet bend. Therefore, changing the middle length for higher inclination angles does not affect 
the mist packet annular transition line considerably. 
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Effect of middle length of the S-shaped channel on two-phase flow maps at θ=67.5° is 
investigated in Fig. 9. It is noticed that for vortex plug to vortex slug transition, increasing the 
middle length from 0.50 m to 1.00 m causes the vortex flow pattern at inlet section to disappear. 
With this geometry change, backward flow influences the upstream flow and then water holdup 
at S-shaped inlet is grown. As a result smooth wavy interface reaches the channel upper wall and 
under the influence of gas built-up pressure, liquid slugs travel downstream. Effect of middle 
length on the transitions from churn to mist packet annular is the same as those reported for 
θ=45°. It can be seen that for θ=67.5° changing the middle length shifts the transition line in the 
way that churn flow area expands more, compared to inclination angle of θ=45°. This difference 
is duo to the effect of higher inclination angle. Since the mixing of phases at first bend occur 
more efficiently, liquid phase sheared by gas phase prevent the formation of liquid slugs. For 
higher inclination angles, increased effect of gas shear force causes the effect of middle length to 
be more considerable. Therefore, changing middle length for higher inclination angles shifts the 
transition line from vortex slug to churn pattern more remarkably. 
Flow pattern maps for different middle lengths at θ=90° are presented in Fig. 10. It is 
observed that the dominant flow pattern at this inclination angle for different lengths is churn 
flow pattern. In this inclination angle of S-shaped channel, the established flow pattern is much 
more chaotic, frothy and with alternating direction and the dominant flow pattern is churn flow. 
Accumulated liquid in first bend resulted from wavy flow at upstream is lifted by gas 
momentum. After the liquid is pushed upward, the formed bridged is sheared by gas and some 
portion of liquid passes the upward section. Therefore, the liquid phase flows with an alternating 
direction which is the most significant characteristic of churn flow pattern. As seen for θ=67.5°, 
  
20 
!
changing the middle length from 0.50 m to 1.00 m shifts the transition line from slug to churn 
pattern significantly. The more the vertical distance between the inlet and outlet is increased, the 
greater the area with churn flow pattern expands. Under the effect of gravity force, increasing 
middle length causes the two-phase mixture to flow much more with alternating direction and 
distorted Taylor bubbles along the channel. Here two important factors, i.e., increased gas shear 
force related to higher inclination angle and increased pressure drop related to prolonged vertical 
distance, cause the transition line from slug to churn pattern shift more remarkably. Moreover, 
for gas superficial velocities greater than approximately 10 m/s and under the effect of gas shear 
force, mist packet annular flow occurs. Since at this angle sharper edges exist at both square-
edged bends, more liquid droplets are entrained in gas core in comparison with previous 
inclination angles. 
The most significant effect of increasing the middle length is higher backward flow. This 
behavior is strongly under the effect of S-shaped downstream. In most cases, considerable 
amount of the liquid phase leaves the middle section in the shape of dispersed jets. With 
increasing the middle length, more liquid momentum is dissipated under the influence of gravity 
and higher pressure drop. Therefore, liquid jets either damp or increase the liquid holdup at 
middle section outlet so that backward flow is intensified under the effect of downstream. 
 
3.2.2. Effect of inclination angle of the S-shaped channel on flow patterns 
Effect of inclination angle on two-phase flow pattern maps for middle length of 0.25 m is 
investigated in Fig. 11. For gas superficial velocity of 1 m/s, increasing the inclination angle 
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leads to the transition from vortex slug to vortex plug occurring at higher liquid velocities. With 
increasing the inclination angle, the vertical distance for two-phase mixture to pass increases. 
Therefore, at low gas and liquid velocities, increasing the inclination angle leads to greater 
momentum loss under the action of gravity force. The liquid phase needs higher flow rate to pass 
the middle section in form of vortex plug pattern without accumulating at the inlet bend and 
causing the occurrence of the vortex slug pattern. In addition, this behavior is intensified under 
the effect of increased liquid holdup, upstream of the inlet bend.  It can also be seen that at 
approximately moderate gas and liquid flow rates, increasing the inclination angle leads to 
significant extension of the area with churn flow pattern. Increasing the inclination angle causes 
the backflow and two-phase mixing to be increased and the mentioned conditions speed up the 
formation of the churn pattern. For high gas superficial velocities, increasing the inclination 
angle shifts the transition from churn to mist packet annular to relatively smaller gas velocities. 
Increasing the inclination angle causes the interfacial interactions between the phases to be 
intensified which brings forward the formation of mist packet annular pattern. 
Two-phase flow pattern maps for different inclination angles and middle length of 0.50 m is 
shown in Fig. 12. Effect of inclination angle for these lengths on flow pattern transitions is 
almost the same as the observations for middle length of 0.25 m. However, it can be seen that for 
high liquid flow rates increasing the inclination angle moves transition from vortex plug to 
vortex slug to higher gas velocities. As it was reported by Mandhane et al. [5], at relatively high 
liquid velocities, increasing the gas velocity leads to transition from plug (elongated bubble) to 
slug flow occurring at higher gas velocities. Since increasing the inclination angle leads to higher 
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average amount of liquid phase at upstream of the middle section, similarly more gas velocities 
is required for vortex plug to vortex slug flow transition. 
Two-phase flow pattern maps for different inclination angles and middle length of 1.00 m are 
compared in Fig. 13. Over the ranges of gas and liquid flow rates studied in this study and for 
middle length of 1.00 m, vortex plug pattern was only observed at θ=22.5° which is ascribed to 
the effect of gravity force. For the ranges of gas-liquid velocities and current channel hydraulic 
diameter, increasing inclination angle more than 22.5°, leads to accumulation of liquid phase at 
S-shaped inlet. Since liquid momentum is not high enough to pass the middle section, gas built-
up pressure behind liquid bridge causes slug/vortex slug flow to be established along the S-
shaped channel. A review on Figs. 11-13 shows that increasing inclination angle for longer 
middle lengths, shifts the transition lines more severely. 
As explained so far, the most important effects of increasing inclination angle on two-phase 
flow patterns are higher two-phase mixing and backward flow. The latter effect is mainly 
influenced by S-shaped downstream flow behavior.  With increasing the inclination angle from 
22.5° to 90°, the upper wall of outlet bend acts as an obstacle against mentioned dispersed liquid 
jets. As a result, the sharper the inclination angles are the more liquid jets either fall down or 
accumulate at inclined section downstream. In both cases, the result is same, i.e., intensified 
backward flow of liquid phase. 
 
3.3. Gas-liquid flow interactions along S-shaped channel 
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In order to study the influence of perturbations induced by the inclined section on the two 
horizontal lines, flow pattern behavior was observed at five sections. These sections along the 
pipeline include inlet fully developed, S-shaped inlet, inclined section, S-shaped outlet and outlet 
fully developed section. Moreover, deeper comparison of the obtained flow pattern maps reveals 
some similarities between geometries with different inclination angle and length. In the 
following section, the interactions between inclined section and horizontal lines as well as 
generalized influence of geometrical parameters on flow patterns will be discussed. 
 
3.3.1. Inlet/Outlet horizontal lines 
Two-phase flow patterns along inlet horizontal line is influenced by perturbations induced by 
mixer and S-shaped middle section. For such a long pipeline with practical flow conditions, two-
phase flow patterns along inlet horizontal line should be categorized into two sections: inlet fully 
developed and S-shaped inlet section. The flow pattern characteristics along inlet fully developed 
section are similar to conventional horizontal lines studied previously [5]. 
The flow behavior at S-shaped inlet is thoroughly determined by two-phase interactions 
between the inlet and inclined section. By increasing the vertical distance between two horizontal 
lines, the longer upstream flow patterns are affected. Therefore, it is not possible to determine a 
constant S-shaped inlet length for different S-shaped geometries. However, a maximum impact 
range of 60Dh from inlet bend was observed at present S-shaped inlets. 
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Four flow patterns of plug, wavy, slug and annular were observed at S-shaped inlet. Table 3 
shows two-phase flow pattern types and summarized ranges of gas-liquid superficial velocities 
for the entire ranges of inclination angles and middle lengths. The gas-liquid superficial velocity 
ranges are based on rectangular regions on a flow pattern map. As presented, the dominant flow 
pattern was slug flow. The most remarkable impact of backward flow of inclined section on the 
S-shaped inlet section was increased liquid hold-up. As the two-phase flow travels in direction of 
inclined middle section, the liquid hold-up grows gradually and this behavior leads to liquid slug 
formation. Any geometry modification that leads to increased vertical distance between inlet and 
outlet section, causes more momentum loss along pipeline. As a result, increasing this vertical 
distance shifts the transitions towards occurrence of slug flow pattern. It can also be seen that, 
increasing the elevation between horizontal lines shifts the onset of annular flow to higher gas 
superficial velocities. This behavior can also be explained by increased liquid level at S-shaped 
inlet section which requires stronger gas shear force for transition to annular flow pattern. 
Gas-liquid flow patterns at outlet horizontal line are also categorized into two sections: S-
shaped outlet and outlet fully developed section. Unlike other sections along the S-shaped 
geometry, flow pattern types at S-shaped outlet section were limited to only two types: slug and 
mixed flow patterns. Slug flow occurs when a long liquid slug travels along the S-shaped 
sections without dissipation. As Oddie et al [15] also reported, the dominant mixed flow pattern 
occurs when the gas-liquid dispersion occupies more than half the channel volume. It must be 
added that in the present experiments the flow patterns have a pulsating nature influenced by 
inclined section pressure drop. 
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At outlet fully developed section the flow pattern was either wavy or slug depending on 
liquid flow rates. For very low liquid flow rates, wavy flow pattern was established. However, 
for other liquid flow rates the dominant flow pattern was slug flow. This flow pattern was mostly 
established by merging of several mixed flow pulses that were damped from S-shaped outlet 
section. 
 
3.3.2. Inclined Section 
It was explained that two-phase flow patterns through S-shaped pipeline were determined by 
gravitational and gas shear forces. In order to present a more generalized analysis of transition 
mechanisms, the specific effect of these forces were investigated using related dimensionless 
parameters. 
In the present experiments, gravity force influenced flow pattern transitions dramatically and 
caused the formation of vortexes and backward flow. The extent of these major effects is in 
accordance with elevation difference between S-shaped inlet and outlet section. For the S-shaped 
pipeline with different inclination angle and middle length, this length is presented the following 
dimensionless form: 
( )
h
B
h D
LL
D
hh )sin(* θ+==  (3)
Where h is the vertical distance between two horizontal lines, LB is the sum of lengths of inclined 
sections of each bend which is approximately 0.3 m, and Dh  is the channel hydraulic diameter. 
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Many researchers [3,11,21] have studied their transition boundaries using Froude number as 
the ratio of inertia forces to gravitational forces. This dimensionless parameter which is based on 
gas superficial velocity is defined as follows: 
g
GLh
G J
gD
Fr )( ρρ
ρ
−
=  (4)
where Gρ and Lρ  are gas and liquid densities, respectively. 
Froude number ranges for the obtained flow pattern transitions are summarized in terms of 
dimensionless elevation difference (h*) in Table 4. Each flow pattern transition mechanism is 
investigated considering the effect of h* and θ on Froude number ranges as follows: 
Vortex Plug to Vortex Slug: As explained previously, this transition is shifted under the 
effect of gravity force. Similarly, it can be seen that with increasing h* the maximum gas Froude 
number required for this transition, at high liquid flow rates, is also increased. For enlarged 
vertical distance between horizontal lines, liquid amount along the middle section is grown and 
as a result higher gas flow rate is required to push the liquid phase down intermittently. 
Moreover, for h*≥12 no vortex plug flow pattern was observed for increased pressure drop due to 
increased elevation difference. Therefore, the effect of geometry changes on the vortex plug to 
vortex slug transition through S-shaped pipeline can be explained by elevation difference (h*) 
between horizontal lines.  
Vortex Slug to Churn: This flow pattern transition occurs when the gas flow rate is 
increased and, consequently, the liquid phase does not accumulate at the S-shaped inlet any 
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more. The minimum Froude numbers concerned with low liquid flow rates do not follow any 
specific trend based on h*. However, a close examination of these values shows that with 
increasing θ, smaller Froude numbers are obtained. Considering the shape of inlet bend (Fig. 3), 
one can expect that increasing inclination angle leads to enhanced influence of gas shear force 
which facilitates the occurrence of this transition. On the other hand, for high liquid flow rates 
where maximum gas Froude number is calculated for this transition, elevation difference plays a 
more important role compared to inclination angle. It can be seen that with increasing h*, higher 
Froude number is attained. In this region the liquid hold-up at S-shaped inlet is higher, hence 
liquid slugs become heavier with increasing h*. Therefore, one can expect that higher gas flow 
rate is required to prevent the formation of liquid bridge along S-shaped channel. It must be 
reminded that the discrepancy between θ=90° and three other angles is concerned with different 
definitions of slug flow pattern for inclined and vertical pipes.  
Churn to Mist Packet Annular: Mist packet annular flow pattern along S-shaped middle 
section is developed under the effect of gas shear force. As explained so far, the role of gas shear 
force is enhanced when the bend inclination angle is increased. The Froude number ranges for 
this transition confirms such behavior as the minimum-maximum values decrease from 0.450-
0.694 to 0394-0.454 for inclination angles of 22.5° and 90°, respectively. Therefore, effect of 
different S-shaped configurations on this transition is determined by inclinations angle rather 
than elevation difference, h*.!
 
4. Conclusions 
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Two-phase air-water flow patterns in the S-shaped channel with horizontal entry, inclined 
middle section, and horizontal exit section were investigated experimentally. A large scale 
experimental setup was developed to simulate practical flow condition through long lines used 
for the gas-liquid transportations. Vortex type flow patterns were observed and recorded with 
high speed video camera in order to examine the momentum transfer phenomenon and physical 
mechanisms closely. It was shown that backward flow and pressure drop along with pulsating 
nature of liquid phase through middle section attributes the formation of vortexes at gas-liquid 
interface. Effects of middle length and inclination angle on S-shaped middle section were 
studied. Moreover, since the interactions between upstream/downstream and middle section 
strongly affect two-phase flow behavior along S-shaped channel, this aspect was closely 
examined. It was revealed that upstream effects reflect the interactions and momentum transfer 
between the phases. Therefore, flow pattern types mainly depend on upstream behavior. On the 
other hand, the amount of backward flow resulting in the establishment of countercurrent flow 
and creation of vortexes along middle section is determined by downstream effects. On the effect 
of middle length, it was concluded that increasing the middle length causes: 
 The transition to vortex plug pattern to occur at higher liquid superficial 
velocities. 
 The region with mist packet annular to shrink to a smaller area toward higher gas 
superficial velocities. 
 The area with churn flow pattern to expand ending in smaller vortex slug flow 
pattern area. 
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Increasing the middle length to 1.00 m at θ=45° and θ=67.5° leads to the replacement of 
vortex plug pattern with vortex slug pattern. The following conclusions were obtained on the 
effect of inclination angle. Increasing the angle causes: 
 The transition line between vortex slug and plug to be shifted to higher liquid 
flow rates. 
 The region with churn flow pattern to extend significantly while the area with 
vortex slug flow pattern shrinks remarkably. 
 The mist packet annular region to extend to smaller gas superficial velocities. 
It was also observed that for higher middle lengths, increasing the inclination angle shifts the 
transition lines more severely and remarkably. 
A dimensionless analysis of transition mechanisms based on Froude number was also carried 
out. The results revealed that elevation difference and inclination angles are two determining 
factors that must be taken into consideration while investigating the effect of geometry 
modifications on gas-liquid flow patterns through S-shaped pipeline. The explained flow 
mechanisms, obtained flow pattern maps and the transition lines can be used to predict the 
particular flow pattern that will be established for a given mass flux, inclined length and angle 
along pipelines. This research enables the development of flow-pattern based heat transfer, 
corrosion rate and pressure drop correlations for the range of investigated operating conditions 
and geometries. Therefore, design of more optimal geometries and also enhanced transport lines 
operating will be enabled. 
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Appendix A. Supplementary data 
The online version of this article contains additional supplementary data. 
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Table captions 
Table 1. Experimental test matrix and parameter ranges 
Table 2. Presentations of the observed two-phase flow patterns 
Table 3. Summary of two-phase flow pattern types at S-shaped inlet section 
Table 4. Froude number ranges for different elevation lengths 
 
Figure captions 
Figure 1. Schematic of experimental rig 
Figure 2. Details of mixing section 
Figure 3. Geometry of bends with different angles 
Figure 4. The process of vortex slug formation. a) backward flow; b) initiation of vortexes; c) 
slug formation; d) stationary zone; e) slug tail (left column: schematic view; right column: 
frames captured with high speed camera) 
Figure 5. Vortex type flow patterns. a) Vortex plug; b) vortex plug schematic; c) vortex wavy-
annular; d) vortex wavy-annular schematic. 
Figure 6. Comparison of present experimental flow map with experimental data of Sadatomi et 
al. [19] (channel with 0.017×0.05 m dimensions), Oddie et al. [15] (0.15 m round tube) and 
theoretical model of Taitel et al. [11] (0.05 m round tube). 
Figure 7. Comparison of the flow pattern maps for different middle lengths and inclination angle 
of θ=22.5° 
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Figure 8. Comparison of the flow pattern maps for different middle lengths and inclination angle 
of θ=45° 
Figure 9. Comparison of the flow pattern maps for different middle lengths and inclination angle 
of θ=67.5° 
Figure 10. Comparison of the flow pattern maps for different middle lengths and inclination 
angle of θ=90° 
Figure 11. Comparison of the flow pattern maps for different inclination angles and middle 
length of 0.25 m 
Figure 12. Comparison of the flow pattern maps for different inclination angles and middle 
length of 0.50 m 
Figure 13. Comparison of the flow pattern maps for different inclination angles and middle 
length of 1.00 m 
 
Video Captions 
Thumbnail 1. Video of vortex slug pattern, captured with high speed camera for middle length 
and inclination angle of 0.25 m and θ=22.5°, respectively. 
Thumbnail 2. Video of vortex plug pattern, captured with high speed camera for middle length 
and inclination angle of 0.25 m and θ=22.5°, respectively. 
Thumbnail 3. Video of vortex wavy-annular pattern, captured with high speed camera for middle 
length and inclination angle of 0.25 m and θ=22.5°, respectively. 
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Table 1. Experimental test matrix and parameter ranges 
Test parameter range/value 
Gas superficial velocity sequence, gJ  (m/s) 
8.01, =gJ  
( ) ( )1,
,
21
2,
−=
=
nJJ ngnng  
Liquid superficial velocity sequence, fJ (m/s) 
06.01, =fJ  
( ) nJJ nfnnf 05.0, ,14 2, ==  
Mixture velocity, mJ (m/s) 0.86-20.70 
Channel cross section area, A (m2) 0.005 
Inclination angles, θ (degrees) 22.5, 45, 67.5, 90 
Middle lengths, L (m) 0.25, 0.50, 1.00 
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Table 2. Presentations of the observed two-phase flow patterns 
Angles 
 
22.5° 45° 67.5° 90° 
Fl
ow
 P
at
te
rn
s 
Vortex 
Plug 
  
N/A 
Vortex 
Slug/ 
Slug 
  
 
Vortex 
Wavy-
Annular 
 
N/A N/A N/A 
Churn N/A 
  
Mist 
Packet 
Annular 
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Table 3. Summary of two-phase flow pattern types at S-shaped inlet section 
θ
 
(deg.) 
L
 
(m) 
 Plug  Wavy  Slug   Annular 
fJ  (m/s) gJ  (m/s) fJ  (m/s) gJ  (m/s) fJ  (m/s) gJ  (m/s) fJ  (m/s) gJ  (m/s) 
22.5° 
0.25 0.35-0.70 0.8-2.0 0.06-0.15 2.0 -11.0 0.20-0.70 3.0-13.0 0.06-0.7 14.0-20.0 
0.5 0.40-0.70 0.8-2.0 0.06-0.15 2.0-11.0 0.20-0.70 3.0-13.0 0.06-0.7 14.0-20.0 
1.0 
 
 
 
0.40-0.70 
 
 
0.8-2.0 
 
 
0.06-0.15 
 
 
3.0-11.0 
 
 
0.20-0.70 
 
 
3.0-13.0 
 
 
0.06-0.7 
 
 
14.0-20.0 
 
 
45.0° 
0.25 0.45-0.7 0.8-2.0 0.06-0.15 2.0-11.0 0.20-0.70 3.0-13.0 0.06-0.7 14.0-20.0 
0.5 0.45-0.7 0.8-2.0 0.06-0.15 3.0-11.0 0.20-0.70 3.0-13.0 0.06-0.7 14.0-20.0 
1.0 
 
 
 
N/A 
 
 
N/A 
 
 
0.06-0.10 
 
 
3.0-12.0 
 
 
0.15-0.70 
 
 
0.8-14.0 
 
 
0.06-0.7 
 
 
15.0-20.0 
 
 
67.5° 
0.25 0.50-0.7 0.8-2.0 0.06-0.15 3.0-11.0 0.20-0.70 3.0-13.0 0.06-0.7 14.0-20.0 
0.5 0.50-0.7 0.8-2.0 0.06-0.10 3.0-12.0 0.15-0.70 3.0-14.0 0.06-0.7 15.0-20.0 
1.0 
 
 
 
N/A 
 
 
N/A 
 
 
0.06-0.10 
 
 
4.0-12.0 
 
 
0.15-0.70 
 
 
0.8-14.0 
 
 
0.06-0.7 
 
 
15.0-20.0 
 
 
90.0° 
0.25 N/A N/A 0.06-0.15 3.0-11.0 0.20-0.70 0.8-13.0 0.06-0.7 14.0-20.0 
0.5 N/A N/A 0.06-0.10 3.0-12.0 0.15-0.70 0.8-14.0 0.06-0.7 15.0-20.0 
1.0 
 
 
 
N/A 
 
 
N/A 
 
 
0.06-0.10 
 
 
4.0-13.0 
 
 
0.15-0.70 
 
 
0.8-14.0 
 
 
0.06-0.7 
 
 
15.0-20.0 
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Table 4. Froude number ranges for different elevation lengths 
*h  
θ (L) 
deg. (m) 
Froude number range 
Vortex Plug to 
Vortex Slug 
Vortex Slug 
to Churn* 
Churn to Mist 
Packet Annular 
3.2 22.5° (0.25) 0.034-0.090 0.203-0.317 0.450-0.621 
4.6 22.5° (0.50) 0.034-0.094 0.201-0.321 0.458-0.630 
5.8 45.0° (0.25) 0.034-0.094 0.137-0.321 0.415-0.578 
7.5 22.5° (1.00) 0.034-0.099 0.171-0.326 0.480-0.694 
7.6 67.5° (0.25) 0.034-0.099 0.069-0.326 0.398-0.493 
8.2 90.0° (0.25) N/A 0.034-0.161 0.394-0.437 
8.5 45.0° (0.50) 0.034-0.103 0.116-0.326 0.428-0.587 
11.1 67.5° (0.50) 0.034-0.139 0.060-0.334 0.407-0.514 
12.0 90.0° (0.50) N/A 0.034-0.184 0.403-0.445 
13.8 45.0° (1.00) N/A 0.090-0.334 0.437-0.600 
18.0 67.5° (1.00) N/A 0.034-0.368 0.415-0.523 
19.5 90.0° (1.00) N/A 0.034-0.210 0.411-0.454 
* Vortex wavy-annular flow pattern occurs instead of churn flow for θ=22.5° 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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Figure 9 
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Figure 10 
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Figure 11 
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Figure 12 
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Figure 13 
 
  
52 
!
Video stills 
 
Thumbnail 1. Video of vortex slug pattern, captured with high speed camera for middle length 
and inclination angle of 0.25 m and θ=22.5°, respectively. 
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Thumbnail 2. Video of vortex plug pattern, captured with high speed camera for middle length 
and inclination angle of 0.25 m and θ=22.5°, respectively. 
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Thumbnail 3. Video of vortex wavy-annular pattern, captured with high speed camera for middle 
length and inclination angle of 0.25 m and θ=22.5°, respectively. 
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Highlights 
• Significant experiments were conducted on two-phase flow in S-shaped channel. 
• Five flow patterns including vortex type ones were identified for different angles. 
• Upstream/downstream behavior strongly affects the established flow patterns. 
• Increasing middle length or upward angle results in smaller vortex slug flow region. 
• For higher middle lengths, increasing angle shifts transition lines more severely. 
 
 
 
